INTRODUCTION
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Resale or republication not permitted without written consent of the publisher be mainly responsible for the mortality rates as there have been no reports on the existence of a H. akashiwo toxin. Only a few heterotrophic protists are known to feed on H. akashiwo, e.g. the heterotrophic dinoflagellates Gyrodinium dominans and Oxyrrhis marina, and the prostomatid ciliate Tiarina fusus (Nakamura et al. 1995 , Jeong et al. 2002 . However, large tintinnid ciliate Favella spp. did not ingest this prey (Taniguchi & Takeda 1988) or the ingestion rate was undetectable even though this prey was ingested in the initial incubation (Kamiyama & Arima 2001) . We found that the newly described thecate heterotrophic dinoflagellate Stoeckeria algicida was often the most dominant heterotrophic protist during red tides dominated by H. akashiwo in Masan Bay, Korea, and that the grazer was able to grow well on this red tide prey. However, no study has reported the feeding mechanism, and growth and grazing rates of S. algicida on H. akashiwo as a function of prey concentration, nor has anyone studied its grazing impact on the prey.
To understand the role of Stoeckeria algicida in the dynamics of Heterosigma akashiwo, we measured the abundances of H. akashiwo and S. algicida in Masan Bay, Korea, established a monoclonal culture of S. algicida, examined feeding behavior, and conducted experiments to examine its numerical and functional responses when grown on H. akashiwo. We also estimated grazing coefficients attributable to S. algicida on H. akashiwo by combining field data on abundances of S. algicida and co-occurring H. akashiwo with laboratory data on ingestion rates obtained in the present study.
Maximum growth and grazing rates of Stoeckeria algicida on Heterosigma akashiwo were compared to those of other heterotrophic protists feeding on the same prey species. The results of the present study provide a basis for understanding the potential of S. algicida to influence the population dynamics of H. akashiwo.
MATERIALS AND METHODS
Abundances in Masan Bay, Korea. Water samples were taken from the surface during red tides dominated by Heterosigma akashiwo from May to July 2004 at a pier in Masan Bay. Samples were taken at 10:00 h using water samplers, and sometimes additional samples were taken at 16:00 h on the same day. Plankton samples for counting were poured into 500 ml polyethylene bottles and preserved with acidic Lugol's solution. After being well mixed, all or > 300 Stoeckeria algicida and H. akaskiwo cells were counted under an inverted microscope with standard transmitted illumination in three 1 ml Sedgwick-Rafter counting chambers (SRCs).
Water temperatures and salinities in the surface waters were measured using a YSI 30 (YSI Incorporated) and pH and dissolved oxygen (DO) concentration were measured using pH-11 (Schott Handy -Lab) and Oxi 197i (WTW), respectively.
Culture of phytoplankton prey. Heterosigma akashiwo was grown at 20°C in enriched f/2 seawater media (Guillard & Ryther 1962) Strathmann (1967) . Isolation and culture of Stoeckeria algicida. Plankton samples collected with water samplers were taken from a pier in Masan Bay, Korea, during July 2004 when the water temperature and salinity were 24.8°C and 20.6 psu, respectively. The samples were gently screened through a 154 μm Nitex mesh and placed in 6-well tissue culture plates and a monoclonal culture of S. algicida was established by 2 serial single cell isolations. As the concentration of S. algicida feeding on Heterosigma akashiwo increased, the grazers were subsequently transferred to 32, 270, and 500 ml polycarbonate (PC) bottles of fresh H. akashiwo. The bottles were again filled to capacity with freshly filtered seawater, capped, and placed on a rotating wheel at 0.9 rpm at 20°C under an illumination of 20 μE m -2 s ) were obtained, they were transferred to 500 ml PC bottles of fresh prey (ca. 30 000 cells ml -1 ) every day. Experiments were conducted when large volumes of S. algicida culture were available. The carbon content for S. algicida was estimated from cell volume (see next subsection) according to Menden-Deuer & Lessard (2000) .
Stoeckeria algicida is similar to Pfiesteria piscicida and some Pfiesteria-like species in size and shape, but the plate pattern (Po, cp, X, 4', 2-3a, 7'', 6c, 6s, 5''', and 2'''' in a Kofoidian series) and the sequence of SSU rDNA of S. algicida (GenBank accession number = AJ841809) are markedly different from those of P. piscicida (Po, cp, X, 4', 1a, 5'', 6c, 4s, 5 ''', and 2'''' in a Kofoidian series; GenBank accession numbers = AF218805, AF080098) and Pfiesteria-like species (Jeong et al. 2005) .
Cell volume. Cell length and maximum width of Stoeckeria algicida preserved in 5% acidic Lugol's solution (n = 30) were measured using a compound or inverted microscope. The shape of S. algicida was estimated as being oval. Feeding process. A culture of Stoeckeria algicida starved for 24 h was transferred to a 6-well-plate chamber containing a dense culture of Heterosigma akashiwo. The feeding behavior of > 50 unfed S. algicida cells was then observed under a dissecting microscope at a magnification of 50×. Some S. algicida cells capturing prey cells were placed on slides using a micropipette, cover-glasses were added, and then a series of pictures of S. algicida at several different stages of the feeding process were taken using an Olympus digital camera on a compound microscope at a magnification of 100 to 400×.
Growth and ingestion rates. This experiment was designed to measure growth, ingestion, and clearance rates of Stoeckeria algicida, as a function of the prey concentration, when feeding on Heterosigma akashiwo (Table 1) .
Three days before these experiments were conducted, dense cultures (10 000 to 12 000 cells ml -1 ) of Stoeckeria algicida growing on Heterosigma akashiwo were transferred into new 500 ml PC bottles of fresh prey (ca. 1000 cells ml -1 ) every day. This was done to make the growth rate of S. algicida almost zero at the end of this pre-incubation. The bottles were filled to capacity with filtered seawater and placed on a rotating wheel to incubate as above. The abundances of S. algicida and prey were determined by enumerating cells in three 1 ml SRCs.
The initial concentrations of Stoeckeria algicida and Heterosigma akashiwo were established using an autopipette to deliver predetermined volumes of known cell concentrations to the bottles. Triplicate 80 ml PC experiment bottles (containing mixtures of predator and prey) and triplicate control bottles (containing prey only) were set up for each predator-prey combination. Triplicate control bottles containing only S. algicida were also established at 1 predator concentration. Ten ml of f/2 medium were added to all bottles, which were then filled to capacity with freshly filtered seawater and capped. To determine actual predator and prey concentrations at the beginning of the experiment and after 24, 48, and 72 h of incubation, a 5 ml aliquot for S. algicida was removed from each bottle and fixed with 5% Lugol's solution, and all predator cells and all or > 200 prey cells were enumerated in three 1 ml SRCs. The ranges of the actual prey and predator concentrations in the experimental bottles at the beginning of the experiment were 23 to 31 263 and 9 to 121 cells ml -1
, respectively. The actual predator concentration in the control bottles containing only S. algicida was 98 cells ml -1 . Prior to taking subsamples, the condition of S. algicida and its prey was assessed using a dissecting microscope. The bottles were again filled to capacity with freshly filtered seawater, capped, and placed on a rotating wheel at 0.9 rpm at 20°C under an illumination of 20 μE m -2 s -1 of cool white fluorescent light on a 12:12 h light:dark cycle. Dilution of the cultures associated with refilling the bottles was considered in calculating growth and ingestion rates.
The specific growth rate of Stoeckeria algicida,
), was calculated by averaging the instantaneous growth rates (IGR) for each sampling interval, calculated as:
( 1) where S t 1 and S t 2 are the concentrations of S. algicida at consecutive samplings. The values of t 1 and t 2 used for calculation were 24 and 72 h, respectively, which provided the highest specific growth rate.
Data for Stoeckeria algicida growth rate were fitted to a Michaelis-Menten equation: (2) where μ max is the maximum growth rate (d -1 ), x is the prey concentration (cells ml -1 or ng C ml -1
), x' is threshold prey concentration (where μ = 0), and K GR is the prey concentration sustaining 1 ⁄ 2 μ max . Data were iteratively fitted to the model using DeltaGraph ® (Delta Point).
Ingestion and clearance rates were calculated using the equations of Frost (1972) and Heinbokel (1978) . Incubation times for calculating ingestion and clearance rates were the same as for estimating growth rate. Ingestion rate (IR) data for Stoeckeria algicida were fitted to a Michaelis-Menten equation: ), x is the prey concentration (cells ml -1 or ng C ml -1 ), and K IR is the prey concentration sustaining 1 ⁄ 2 I max . Gross growth efficiency (GGE). GGE, defined as grazer biomass produced (+) or lost (-) per prey biomass ingested, as a function of mean prey concentration, was calculated from estimates of carbon content per cell based on cell volume for each mean prey concentration.
Grazing impact. We estimated grazing coefficients attributable to Stoeckeria algicida on Heterosigma akashiwo by combining field data on the abundances of S. algicida and co-occurring prey with the ingestion rates of the predators on the prey obtained in the present study.
Grazing coefficients (g, h -1 ) were calculated as:
where Δt (h) is a time interval, C e (cells ml
) is the number of prey cells eaten by the Stoeckeria algicida population in 1 ml of seawater in 1 h, and C i (cells ml -1 ) is the initial cell concentration of prey for a given hour. The values of C e were calculated as:
where PIR is the population ingestion rate of S. algicida on Heterosigma akashiwo in 1 ml of seawater (prey eaten ml -1 h -1 ), IR is the ingestion rate (prey eaten grazer -1 h -1 ) of S. algicida on H. akashiwo, and G is the abundance (grazers ml -1 ) of S. algicida at the same time as C i . IRs were corrected using Q 10 = 2.8 (Hansen et al. 1997) because in situ water temperatures and the temperature used in the laboratory for this experiment (20°C) were different.
RESULTS

Abundances and hydrography in Masan Bay
Two red tides were dominated by Heterosigma akashiwo in Masan Bay between May and July 2004; the first red tide occurred between May 31 and June 8, and the second one occurred between July 10 and July 16 (Fig. 1) Water temperatures and salinities in the surface waters in the first red tide period were 19.0 to 2.8°C and 24.7 to 29.4 psu, respectively, while those in the second red tide period were 23.7 to 26.0°C and 4.1 to 20.6 psu, respectively (Fig. 1) . The pH values and DO concentrations in the surface waters in the first red tide period were 7.90 to 8.33 and 5.2 to 10.3 μM, respectively, while those in the second red tide period were 7.40 to 8.58 and 5.9 to 8.4 μM, respectively.
Feeding process
Stoeckeria algicida fed on Heterosigma akashiwo using a peduncle after anchoring the prey by a tow filament (Fig. 2) . S. algicida deployed a tow filament to anchor a H. akashiwo cell. The distance between the predator cell and the prey cell was almost twice the prey cell length when the predator attached the tow filament to the prey cell, but reduced to be similar to the prey cell length before the peduncle deployed. The time lag (mean ± SE) between the deployment of a tow filament and a peduncle was 22 ± 1 s (n = 5). The prey materials (reddish materials in Fig. 2) were moved in inside the predator cell through the peduncle. The time (mean ± SE) for a H. akashiwo cell to be completely fed on by a S. algicida cell after the predator deployed a peduncle to the prey cell was 129 ± 4 s (n = 5). As the material of the prey cell was moved into the protoplasm of the predator, the size of the prey cell was reduced, while the size of the predator increased. Eventually, round (1 to 2 μm) transparent fecal material remained at the end of this feeding. Up to 5 S. algicida cells were observed to deploy their peduncles to a H. akashiwo cell simultaneously.
Growth rates
Stoeckeria algicida grew well on Heterosigma akashiwo. The specific growth rates of the heterotrophic dinoflagellate increased rapidly with increasing mean prey concentration before saturating at H. akashiwo concentrations of ca. 350 ng C ml -1 (3500 cells ml -1 ) (Fig. 3) . When the data were fitted to Eq. (2), the maximum specific growth rate (μ max ) of S. algicida was 1.63 d ).
Ingestion and clearance rates
The ingestion rates of Stoeckeria algicida on a unialgal diet of Heterosigma akashiwo increased with increasing mean prey concentration (Fig. 4) ). The maximum clearance rate of Stoeckeria algicida on Heterosigma akashiwo was 3.7 μl grazer -1 h -1 at the lowest mean prey concentration of 1 ng C ml -1 and the maximum volume-specific clearance rate of S. algicida was 9.7 × 10 6 h -1
.
Cell volume
After 72 h incubation, the cell volume of Stoeckeria algicida-fed Heterosigma akashiwo at the low mean prey concentrations of 1.0 to 1.8 ng C ml -1 (320 to 380 μm 3 ) was slightly larger than that of S. algicida without added prey (300 μm 3 ), but at the higher prey concentration, cell volume increased continuously from 570 to 1350 μm 3 with increasing mean prey concentration (Fig. 5) . The largest cell volume of S. algicida measured in these experiments (2520 μm 
Gross growth efficiency
GGE of Stoeckeria algicida on Heterosigma akashiwo were negative for mean prey concentrations ≤ 4 ng C ml -1 , but efficiencies increased up to 79% with increasing mean prey concentration (Fig. 6 ). D 191 192 193 194 195 196 197 198 199 191 192 193 194 195 196 197 198 199 H. akashiwo (cells ml 
Grazing impact
Grazing coefficients attributable to Stoeckeria algicida on co-occurring Heterosigma akashiwo in Masan Bay, Korea, were up to 1.63 h -1 with 2 exceptional values at the decline stages of the red tides dominated by H. akashiwo; one value of g was 8.5 h -1 when the concentrations of H. akashiwo and S. algicida were 700 and 17 400 cells ml -1 , respectively, and another value of g was 4.0 h -1 when the concentrations of H. akashiwo and S. algicida were 45 and 3300 cells ml -1 , respectively (Fig. 7, Table 1 ). In general, g increased with increasing S. algicida concentration.
DISCUSSION
Abundances in Masan Bay
The abundance of Stoeckeria algicida in Masan Bay between May and July 2004 peaked 1 to 2 d after that of Heterosigma akashiwo. Water masses in the sampling location might be advected over sampling intervals even though the circulation of water masses inside Masan Bay is restricted. If the advection were very small, the time lags between the abundance peaks of H. akashiwo and S. algicida in these first and second red tide periods could be calculated to be 1 to 2 d.
Feeding mechanism
Stoeckeria algicida feeds on Heterosigma akashiwo using a peduncle after anchoring the prey by a tow filament. Peduncle feeders feed on diverse prey species with a wide size range because they are able to feed on prey larger than themselves (Biecheler 1952 , cited by Hansen 1991b , Lee 1977 , Spero 1982 , Hansen 1991a ,b, Burkholder & Glasgow 1995 . For example, Pfiesteria spp. are known to feed on diverse prey items including algae, ciliates, and rotifers (Burkholder & Glasgow 1995) . It is, therefore, worthwhile exploring the kinds of prey species used when diverse prey items are provided to S. algicida. 
Protistan predators on Heterosigma akashiwo
Stoeckeria algicida grew well on Heterosigma akashiwo in the present study. Only a few heterotrophic protists are known to grow on H. akashiwo, e.g. the heterotrophic dinoflagellates Gyrodinium dominans and Oxyrrhis marina, and the prostomatid ciliate Tiarina fusus (Nakamura et al. 1995 , Jeong et al. 2002 . However, the large tintinnid ciliate Favella taraikaensis did not ingest this prey (Taniguchi & Takeda 1988) or the ingestion rate was undetectable even though this prey was ingested in the initial incubation (Kamiyama & Arima 2001) . S. algicida is, therefore, one of the few heterotrophic dinoflagellate grazers so far reported to grow on H. akashiwo.
Growth and ingestion
The maximum growth rate of Stoeckeria algicida on Heterosigma akashiwo in the present study (1.63 d -1 ) was higher than that of any other protistan grazer on the same prey so far reported (Table 2) , when corrected to 20°C using Q 10 = 2.8 (Hansen et al. 1997) .
The maximum ingestion rate of Stoeckeria algicida on Heterosigma akashiwo in the present study (0.75 ng C grazer -1 d -1
) was lower than that of any other protistan grazer on the same prey so far reported ( Table 2 ). The smaller volume of S. algicida might be responsible for its higher growth, despite lower ingestion rates on H. akashiwo compared to those of Oxyrrhis marina and Tiarina fusus. The maximum clearance rate of Stoeckeria algicida on Heterosigma akashiwo (3.7 μl grazer -1 h -1
) was much higher than that of any other protistan grazer on the same prey so far reported (Table 2) . S. algicida, which feeds on prey cells using a peduncle, might capture and ingest H. akashiwo more efficiently at low prey concentration than Oxyrrhis marina and Tiarina fusus, which feed on prey cells by engulfment.
The maximum volume-specific clearance rate of Stoeckeria algicida on Heterosigma akashiwo (9.7 × 10 6 h -1
) is higher than that for any other heterotrophic dinoflagellate on phytoplankton. Before the present study, the maximum volume-specific clearance rate of Protoperidinium bipes on Skeletonema costatum ) was responsible for its higher maximum volume-specific clearance rate because the cell volume of the former grazer, where the maximum volume-specific clearance rate was obtained (380 μm 3 ), was larger than that of the latter grazer (184 μm 3 ). S. algicida, might capture and ingest H. akashiwo more efficiently at low prey concentration than P. bipes, which feeds on prey cells using a feeding veil (pallium).
The maximum GGE of Stoeckeria algicida on Heterosigma akashiwo (79%) was higher than that for the obligately heterotrophic dinoflagellate Protoperiidnium huberi on the diatom Ditylum brightwelli (59%), the highest value among the Protoperiidnium species so far reported (Buskey et al. 1994) . Additional experiments confirmed this high GGE. Like Pfiesteria spp., which are also peduncle feeders, mixotrophic growth using kleptoplastids might be partially responsible for this high GGE (Lewitus et al. 1999 Heterosigma akashiwo (cells ml -1 ) Gross growth efficiency (%) Grazing coefficients attributable to Stoeckeria algicida on co-occurring Heterosigma akashiwo in Masan Bay, Korea, were up to 1.63 h -1 (i.e. 80% of H. akashiwo populations were removed by a S. algicida population in 1 h), with 2 exceptional values at the decline stages of the red tides dominated by H. akashiwo. When the S. algicida populations are very high and the H. akashiwo populations are very low, grazing impact can be so high that grazing has the potential to remove almost all prey cells within hours (Fig. 7 
